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PULSED  CHEMICAL  LASER  WITH  VARIABLE -PULSE -LENGTH 
ELECTRON-BEAM  INITIATION  AND  MAGNETIC  CONFINEMENT 


Electron-beam  initiation  of  pulsed  HF  chain-reaction  lasers  has  been 
studied  by  a  number  of  investigators. 1-1®  Interest  in  the  use  of  electron 
beams  has  been  motivated  by  their  potential  for  excitation  of  large  volumes 
and  by  the  possibility  for  extraction  of  laser  energies  in  excess  of  the 
electrical  energy  expended  for  initiation.  In  a  recent  demonstration,1  longi¬ 
tudinal  initiation  by  a  7-kJ,  70-ns  electron  beam  produced  a  4.2-kJ  HF  laser 
output  of  20-ns  (FWHM)  duration;  the  corresponding  intrinsic  electrical  effi¬ 
ciency  (laser  out put /deposited  electron-beam  energy)  in  this  work  is  1802. 
Mangano  et  al.,  operating  at  much  lower  current  densities  (20  A/cm  )  and 
longer  electron-beam  pulse  durations  (0.2  ps),  reported  intrinsic  electrical 
efficiencies  as  high  as  875%  at  laser  output  energy  densities  of  51  J/liter. 

By  comparison  of  the  experimental  rate  of  F2  disappearance  with  theoretical 

3 

pulsed  HF  laser  code  predictions,  we  recently  reported  the  efficient  produc¬ 
tion  of  chain  carriers  by  an  electron  beam  operating  at  relatively  low  current 
densities.^  The  present  investigation  extends  the  work  of  earlier  investiga¬ 
tors  to  longer  electron-beam  pulse  lengths  and  lower  current  densities.  We 
seek  to  establish  scale  size  limitations  for  transversely  pumped  electron- 
beam-initiated  chemical  lasers  and  to  Increase  the  permissible  limit  of  laser 
pulse  repetition  frequency  (as  constrained  by  anode  foil  heating).  We  also 
report  the  first  data  on  the  effect  of  a  confining  transverse  magnetic  field11 
on  pulsed  HF  laser  performance.  The  purpose  of  the  confining  B-field  is  to 
overwhelm  steering  effects  of  self-fields  accompanying  electron-beam 
generation  and  to  capture  foil-  and  gas-scattered  electrons  in  Larmor  spirals 
to  promote  efficient  and  uniform  transport  of  electrons  across  the  active 
laser  medium. 

An  existing  pulsed  electron  accelerator  system*  was  modified  for  the 
generation  of  long-duration  electronrbeam  pulses  end  confinement  by  strong 
magnetic  fields.  The  electron  gun  was  driven  by  a  pulse-forming  network  com¬ 
prised  of  a  four-stage  Marx  generator,  a  low  Impedance  coaxial  water  line  that 


was  operated  as  a  peaking  capacitor  and  a  high-voltage  output  switch  (Fig.  1). 
Use  of  the  "peaking- capacitor  mode”  of  operation  permitted  the  Investigation 
of  the  effect  of  cathode  risetime  on  emission  uniformity  and  laser  perfor¬ 
mance.  Several  cold-cathode  emitter  concepts  were  tested  for  their  compati- 
bility  with  strong  confining  magnetic  fields.  The  desired  current  densities 
and  beam  uniformity  were  achieved  by  means  of  thermally  conditioned  carbon 
felt  emitters.  A  10  x  100  cm  section  of  felt  was  held  by  a  stainless  steel 
cathode  structure  that  was  slotted  to  minimise  magnetic  steering  of  electrons 
into  the  window-holder  webbing  (Fig.  2).  The  electron  window  consisted  of  a 
pair  of  stainless  steel  rib  supports  of  822  transmission  that  clamped  between 
them  a  7 6- pm  film  of  aluminized  Kapton.  On  the  vacuum  side  of  the  electron 
window  was  located  one  element  of  a  Helmholtz  coil  through  which  an  electron 
beam  of  5  x  100  cm  cross  section  was  transmitted.  A  second  coil  element  was 
positioned  at  the  rear  of  the  laser  chamber  to  produce  a  nearly  uniform  con¬ 
fining  B-fleld  within  the  volume  of  the  active  laser  medium.  With  this 
Helmholtz  coll  arrangement,  magnetic  fields  of  up  to  1.3  kG  were  produced.  At 
the  exit  of  the  anode  window,  a  uniform  (±  102)  variable  current-density  elec¬ 
tron  beam  of  approximately  175  kV  was  transmitted  across  the  laser  cavity. 
Nominal  current  densities  of  7  and  12  A/cm^  were  produced  using  anode-cathode 
8paclngs  of  5.0  and  3.8  cm,  respectively.  A  low-inductance  crowbar  switch 
located  at  the  output  of  the  Marx  generator  was  fired  from  a  "bootstrap” 
trigger  to  generate  continuously  variable  electron-beam  pulse  lengths  in  the 
range  0.2  to  1.2  ps.  Routine  diagnostic  measurements  of  Marx  current  and 
voltage,  total  diode  current,  electron-beam  current  density,  and  diode 
accelerating  voltage  were  obtained  during  each  laser  test. 

Laser  gas  flows  were  established  by  conventional  methods.*  Commercial 
purity  O2,  F2»  and  He  were  premixed  and  flowed  through  a  regulator  to  a  mixer 
where  they  were  Injected  through  a  calibrated  sonic  orifice.  Metered  flows  of 
the  remaining  commercial-purity  gases  (D2>  H2,  NF3,  Ar,  SFg,  and/or  additional 
He)  were  Introduced  into  the  mixer  through  another  sonic  orifice.  Typically, 

3  to  4  min  were  required  to  raise  the  laser  chamber  to  an  operating  pressure 
of  800  Torr.  Before  and  Immediately  following  Initiation,  nominal  mixture 
composition  has  been  verified  in  previous  studies  by  sn  in  situ  measurement  of 
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the  water  line  la  operated  In  the  peaking  capacitor  aode,  allowing  fast 
rlsetiaes  to  be  obtained  and  testing  of  various  cold  cathode  concepts, 
electron-gun  lapedance  Is  modeled  as  a  nonlinear  tiae  varying  Impedance 
shank  loss  and  Is  represented  In  this  figure  as  Rp. 
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?2  concentration  employing  an  ultraviolet  abaorption  technique.*  HP  probe 
laser  measurements  performed  during  an  earlier  unpublished  study  indicated 
that  HF/P2  <  5  x  10”^;  hence,  prereaction  is  believed  to  be  unimportant  for 
the  data  presented  herein. 

Laser  performance  was  investigated  using  both  stable  and  unstable  optical 
resonators.  Three  confocal  unstable  resonators  of  magnification  1.3,  1.8,  and 
2.8  were  employed.  Cavity  elements  consisted  of  highly  polished  oxygen-free, 
high  conductivity  uncoated  copper  mirrors  of  high  optical  figure.  The  nominal 
Fresnel  number  of  the  unstable  resonators  was  160.  A  2.5-m  stable  resonator 
was  formed  by  a  gold-coated  concave  spherical  mirror  with  a  radius  of  4.5  m 
and  either  a  silicon  or  sapphire  flat  output  coupler.  Laser  windows  were  un¬ 
coated  1.25-cm  thick  Ca?2  crystals  that  were  tilted  with  respect  to  the  opti¬ 
cal  axis.  The  optical  axis  of  the  resonator  was  centered  on  the  5  x  5  x  100 
cm  volume  being  excited  by  the  transverse  electron  beam.  The  clear  apertures 
of  the  cavity  elements  limited  the  optical  extraction  volume  to  2  liters,  as 
verified  by  near-field  laser  burn  patterns. 

Laser  pulse  energy  was  measured  with  ballistic  thermopiles  of  4-  and  9-cm 
entrance  apertures.  Nearly  all  of  the  laser  pulse  energy  was  directed  into 
the  9-cm  calorimeter  on  every  test.  A  beam  splitter  at  nearly  normal  inci¬ 
dence  to  the  laser  beam  diverted  about  3Z  of  the  total  pulse  energy  into  the 
4-cm  calorimeter.  The  two  calorimeters  tracked  one  another,  except  at  the 
highest  energy  condition,  where  slight  self-shielding  of  the  large  calorimeter 
by  a  laser-supported  combustion  wave  is  believed  to  have  occurred.  Emission 
time  history  of  the  laser  was  monitored  with  an  Au:Ge  detector. 

The  trends  of  laser  performance  with  several  parameters  have  been  studied. 
Using  a  tantalum  blade  emitter  cathode  in  the  absence  of  a  confining  magnetic 
field,  laser  output  was  measured  as  a  function  of  electron-beam  charge  fluence 
and  electron-beam  pulse  duration.  Laser  mixtures  containing  20%  P2:  B  Hj: 

25  SP6;  43.5  He:  3.5  02  by  volume  were  examined  in  this  set  of  experiments. 
Electron-beam  pulse  widths  were  varied  between  0.2  and  1.2  ps,  and  nominal 
current  densities  were  8  A/cm2.  At  a  charge  fluence  of  10  pC/cm2,  a  laser 
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output  of  46  J/liter  was  aeasured  (Vlg.  3).  These  experiments  were  performed 
without  benefit  of  a  confining  magnetic  field* 

The  saae  mixtures  and  electron-beaa  paraaeters  used  In  the  preceding 
paragraph  were  Investigated  with  a  carbon  felt  cathode  in  place  of  the  blade 
ealtter.  With  no  B-field  present,  carbon-felt  and  blade-eaitter  laser 
performance  were  comparable.  When  a  1.3  IcG  field  was  Imposed,  laser  output 
Increased  100  to  2001  over  the  zero  field  perforaance,  depending  upon  the 
value  of  electron-beaa  current  density  and  charge  fluence  (Fig*  3)*  The  aajor 
effects  of  the  confining  B-field  are  to  overwhela  steering  effects  of  self¬ 
fields  accompanying  electron-beaa  generation,  to  capture  foil  and  gas- 
scattered  electrons  In  Laraor  spirals,  and  to  slightly  focus  the  electron  beam 
into  the  clear  aperture  defined  by  the  anode  aagnet  coll  holder.  At  an 
electron-beaa  pulse  duration  of  0.6  ps  (3.5  pC/ca2),  laser  outputs  of  65 
J/llter  were  aeasured,  and  laser  pulse  'lengths  of  0.8  ps  FWHM  were  observed 
(Fig.  4).  For  electron-beam  pulse  lengths  of  0.6  ps  or  less,  laser  energy 
density  was  found  to  vary  with  the  square  root  of  Initiation  strength 
(electron-beaa  charge  fluence),  as  anticipated  on  theoretical  grounds 
(Fig.  5). For  electron-beam  pulse  lengths  between  0.6  and  1.2  ps,  no 
further  increase  In  laser  output  was  observed.  This  effect  of  saturation  in 
perforaance  of  high-energy  density  aixtures  with  Increasing  initiator  pulse 
length  has  not  previously  been  reported. 

In  previous  unpublished  experlaents,  we  obtained  65  J/llter  HF  output 
with  a  70-ns  400-keV  electron  beaa  and  Incident  charge  finances  of 
3.5  uC/ca2*  Comprehensive  rotational-nonequilibrium  chemical  laser  modeling2 
has  predicted  a  20Z  degradation  in  laser  output  (due  to  ion  deactivation  and 
slower  rate  of  initiation)  with  pa-duration  electron-beaa  initiation  coapared 
with  70-ns  initiation.  Experimental  results  at  3.5  pC/ca2  showed,  however, 
the  saae  laser  output  (65  J/liter)  with  a  0.6-ps  electron  beaa  as  with  a  70-ns 
electron  beaa,  and  a  soaewhat  longer  laser  pulse  length12  with  long  duration 
electron-beaa  initiation  (0.8  versus  0.5  ps  FWHM  at  70  ns).  These  result e 
suggest  the  possibility  of  large  voluae  excitation  by  the  present  initiator 
approach. 
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Fig.  3.  Laser  Energy  Density  Versus  Pulse  Length  and  Charge  Fluence.  Energy 
output  fro*  20  F2;  8  H2J  25  SF,;  44  He;  3  02  mixtures  at  800  Torr 
pressure  is  plotted  as  a  function  of  charge  fluence  delivered  at  the 
electron  window.  The  sero  B-field  data  (A)  were  obtained  with  a 
tantalum  blade  cathode.  The  single  point  (•)  was  obtained  using  a  70 
ns  electron-beam  pulse.  Carbon  felt  data  employing  stable  (O)  and 
unstableO  resonators  in  the  presence  of  a  1.3  kG  field  illustrate 
the  advantage  of  a  strong  confining  magnetic  field!  for  these  data, 
performance  reaches  a  plateau  near  3.5  yC/cm.  No  significant 
difference  in  performance  is  observed  between  short  (70  m)  and  long 
(0.6  ye)  pulse  electron-beam  Initiation  at  3.5  yC/cm. 
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Fig.  4.  Typical  Data  for  Long-Pulse  Electron-Beam  Initiation.  Data  are 
shown  for  a  20  Fj:  6  FU:  25  SF^:  3.5  43.5  He  mixture  at 

800  Torr  for  the  case  or  a  1.3-kG  confining  magnetic  field.  A 
carbon  felt  cathode  was  used  for  generation  of  these  data. 
Oscillograms  are  shown  for  Marx  voltage  and  diode  accelerating 
voltage,  laser  irradiance,  total  gun  current,  and  current  den¬ 
sity  at  the  exit  of  the  gain  region.  The  electron-beam  pulse 
length  is  1.2  ps  (base-to-base) .  Laser  output  is  65  J/liter 
with  a  0.8  ps  (FWHM)  laser  pulsewidth.  The  near-field  burn 
pattern  shows  that  the  laser  beam  possesses  a  high  degree  of 
coherence.  The  fact  that  most  of  the  laser  energy  is  contained 
within  the  first  Airey  disk  in  the  far-field  burn  is  evidence 
of  good  beam  quality. 
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Fig.  5 
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.  Laser  Specific  Energy  Versus  Scaling  Parameter.  HF  performance  is 


plotted  as  a  function  of  the  scaling  parameter  (F/F2)i/Z  F2>  derived 
in  Ref.  14.  Initiation  level  F/F2  Is  estimated  for  various  mixtures 
by  scaling  previously  measured  initiation  levels4  with  measured 
charge  fluence  and  mixture  stopping  power.  6  The  results  for  70 
electron-beam  initiation  (A)  were  obtained  without  magnetic  confl 
ment  using  an  Incident  electron-beam  charge  fluence  of  3.3  pC/cm  , 
the  extent  of  laser  mixture  dilution  was  varied  in  order  to  obtain 
the  data  points  shown.  The  data  for  1.3  kG  B-fleld  using  unstable 
(□)  and  stable  (O)  resonators  indicate  a  slightly  lower  performance 


than 

(f/f2 


70  ns  data;  these  data  also  exhibit  saturation  near 
-  10  Torr. 
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The  performance  of  unstable  resonators  was  also  Investigated.  No  penalty 
in  energy  performance  was  observed  with  the  substitution  of  an  unstable  reso¬ 
nator  for  a  stable  resonator.  Moreover,  near-  and  far-field  burn  patterns  on 
witness  plates  Indicated  evidence  of  good  beam  quality  as  had  been  anticipated 
from  earlier  unpublished  measurements  of  optical  homogeneity  of  the  medium 
(Fig.  4). 

The  largest  HF  laser  output,  158  J  (79  J/llter),  was  obtained  with  an 
electrical  input  incident  on  the  extraction  volume  of  about  350  J;  chemical 
efficiency  relative  to  the  initial  H2  content  was  4.6%.  The  electrical  effi¬ 
ciency  for  conversion  of  total  incident  energy  to  laser  output  energy  was, 
therefore,  45%.  Based  on  the  stopping  power  data  of  Ref.  16,  the  intrinsic 
electrical  efficiency  for  this  case  is  calculated  to  be  380%.  High  overall 
electrical  efficiencies  well  in  excess  of  100%  appear  possible  for  the  subject 
laser  device  when  the  dimension  along  the  axis  of  electron-beam  propagation  is 
made  comparable  to  the  range  of  the  electron  beam. 

The  experimental  results  demonstrate  that  attractive  HF  chain  laser 
performance  (79  J/liter)  and  good  beam  quality  can  be  achieved  using  long- 
duration,  low-current  density  electron-beam  initiation  and  magnetic  confine¬ 
ment.  The  data  imply  that  large-volume  excitation  of  pulsed-HF  chain  lasers 
is  feasible  and  should  be  compatible  with  high  laser  energy  densities  and 
large  overall  electrical  efficiencies. 
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The  Laboratory  Operatlona  of  Tha  Aaroepace  Corporation  la  coaductlag  aaper- 
iaaatal  and  thaoratlcal  laveotlgatlona  oeceaeary  for  tha  evaluation  and  applica¬ 
tion  of  aelaotlfle  edvanceo,  to  aaa  ailltary  apaca  ayataaa .  Varaetlllty  aad 
flexibility  han  boon  developed  to  a  high  dagroa  by  tha  laboratory  yaraoaaal  la 
dealing  with  tha  aany  problaaa  oneoaatarod  la  tha  aatlos'a  rapidly  developing 
apaca  ayataaa.  Enpartlea  la  tha  lataat  aciaatlfle  developueota  la  vital  to  tha 
accoapllahaant  of  taaka  ralatad  to  thoaa  problaaa.  Tha  laboratorlaa  that  con¬ 
tribute  to  thla  rooaorch  arm 

Aoroehyalca  laboratory »  Launch  vahlela  and  reentry  aarodynaalca  aad  haat 
traaefer,  propulalon  chaalatry  aad  floid  uechanlca,  atructural  nachaalca,  flight 
dyaaalca;  hlgh-taaporatura  thoraouechaalca,  gaa  kina tic*  and  radiation;  roaaarch 
la  aawlroaaantal  chaalatry  aad  coataalaatloa;  cv  aad  pul aad  chaaical  laaor 
devalopaeat  Including  chaaical  bloat lea,  apactroacopy,  optical  raaonatora  and 
baaa  pointing,  ataoapharle  propagation,  laaor  affacta  and  couatanaaaauree. 

Chaalatry  aad  Phyalca  laboratory i  Ataoapharle  chaaical  roactloaa,  atao- 
aphtrlc  optica,  light  acatterlng,  atate-apeclflc  chaaical  roactloaa  aad  radia¬ 
tion  traaaport  la  rocket  pluaoa,  applied  later  apactroacopy,  later  chaalatry, 
battery  alactrochealatry,  apaca  wacuttt  gad  radiation  affacta  oa  aaterlalt,  lu¬ 
brication  aad  aurfaca  phtnontnt ,  tharuionic  aalaalon,  photoaenaltlva  aatariala 
and  datactora,  atonic  frag nancy  at coder da,  aad  bloanwlroanaatal  roaaarch  aad 
noaltorlag. 

Elactronlca  leooarch  Laboratory ;  mcroelactroalca,  GoAa  low-no law  and 
power  davlcea,  eaalconduetor  laaera,  alactronagaatlc  aad  optical  propHatloa 
p  ha  nonane,  quantua  elactronlca,  laaor  conaunlcatioaa,  Ildar,  and  alactro-optlca; 
canaualcatloa  ac lancet,  applied  alactroalca,  aanlconductor  cryatal  aad  device 
phyalca,  radlonatrlc  tanging;  ailllnatar  wave  aad  aicrowave  technology. 

Infatuation  Eclencaa  Eaeaarch  Office;  Progran  vnrtficatlon,  prograa  trana- 
latlon,  parfornaaca-aaaaltlve  ayatan  dealgn,  dlatrlbuted  architacturaa  for 
apacehorae  eoaputera,  fault-tolerant  eooputar  ayataaa,  artificial  Intelligence, 
and  elcroalectraolca  appllcatlona. 

Haterlila  tclancac  Laboratory i  Devalopnant  of  a av  aatariala:  aatal  aatrlx 
canpaatcaa,  polynara,  aad  aaa  form  of  carbons  conpoaaat  failure  aaalyala  and 
reliability;  fracture  aaehaalca  aad  atreaa  corroelon;  avaluatloa  of  aatariala  la 
apaca  euvlroaaeat;  aatariala  parfernaaca  la  apaca  tranaportation  ayataaa;  aaal¬ 
yala  of  ayataaa  vulnerability  aad  aorvlvablllty  la  aoeay- Induced  aavlraanaata. 

gaaea  tclaacaa  Laboratory;  Ataoapharle  aad  loaoapharlc  phyalca,  radiation 
f ran  tha  ataaaphara,  deaalty  aad  conpoaltlon  of  tha  upper  et non phare,  aurorae 
aad  atrglov;  aagaatoaphatlc  phyalca,  coanlt  raya,  generation  aad  propagation  of 
plaana  uavaa  in  tha  aagaotaaphare;  polar  phyalca,  infrared  aitroooay;  the 
affacta  of  nuclear  eaploaioaa,  aagaatlc  atone,  aad  aolar  activity  oa  the 
aarth'e  ataaaphara,  toaoaphara,  aad  aagaetoophera;  the  affacta  of  optical, 
alaetroaagaatla,  and  partlealate  radlatlaaa  la  apaca  oa  apaca  ayataaa. 
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